Dental bonding agents may affect the cell cycle patterns and induce cell cycle arrest by blocking its progression. This study tested the cell cycle effects through cyclin-dependent kinase (cdc2) and Rb phosphorylation. Human lung fibroblasts (MRC5) were used for the experiments. The bonding agent tested was the total-etch XP bond. Extracts of the bonding agent were prepared and serial dilutions were tested. The effects of the bonding agent on cell survival, proliferation and DNA synthesis were tested by the SRB and BrdU assays. Analysis of cell cycle distribution was performed by flow cytometry. XP bond exhibited strong inhibition of DNA synthesis and after 48 h of exposure cells were accumulated in the G2/M phase. Cells exposed to the half maximal cell growth inhibitory concentration (IC 50 ) showed an increase in cdc2 kinase and Rb phosphorylation. The results most likely indicate mutagenic effect of the tested agent.
INTRODUCTION
Resin composite materials are widely applied in many clinical dental conditions and in general, they fulfill mechanical and biological properties of filling materials. A crucial step in clinical application of resins is the application on dentin bonding systems between restorative material and tooth substance which ensures good adaptation and prevention of bacteria microleakage.
Composite materials are products that consist of two main components: the organic matrix and the inorganic fillers blended together with a coupling agent. When placed in the oral environment resin composites may release a variety of components and breakdown products initially due to incomplete polymerization and later due to degradation of materials 1) . These components may be monomers, co-monomers, initiators, inhibitors, plasticizers and other additives. Furthermore, it has been reported that substances such as formaldehyde and glutaraldehyde are released during polymerization of resin materials 2, 3) . It is well established in dental literature that polymerization of composite resins and bonding agents is not complete and leached monomers are associated with cytotoxicity, genotoxicity, tissue inflammation or other adverse effects [4] [5] [6] [7] . Dental monomers can affect intracellular pathways leading to cell survival or cell death 8, 9) . In this context, TEGDMA, UDMA, HEMA and BisGMA, interfere with cell metabolism and redox imbalance and seem to play an important role to reactive oxygen species formation and induction of cell apoptosis 6, 10, 11) . In addition to the above mentioned monomers, several other metabolites, such as bisphenol-A or methacrylic acid, are generated during resin polymerization or degradation and contribute to cytotoxic phenomena. Cell survival is a function of the rate of cell proliferation and the percentage of cellular death. Therefore, cytotoxicity in cellular experiments could be attributed to a reduction in cells undergoing proliferation (in active cell cycle) and to the increase of the apoptotic rate.
Cell cycle is the sequence of biochemical events that drive the proliferating cell through initiation of proliferation (G1 phase), DNA synthesis and duplication (S phase), a second control interphase (G2 phase) and finally, mitosis (M phase). Cell cycle progression and cell division are driven by the sequential activation of a number of molecules called cyclin-dependent kinases (CDKs) and cyclins. CDKs that are activated in the end of G1 phase phosphorylate the Rb gene. In humans, the Rb1 gene encodes for a well-characterized tumor suppressor, the retinoblastoma (RB) protein, that was first identified in a malignant tumor of the retina known as retinoblastoma 12) . At the end of G1-phase, Cdks phosphorylate Rb protein in multiple sites. Phosphorylation inactivates Rb and releases it form the transcription factor E2F. E2F transcribes for several target genes that facilitate the entry of the cell into the S phase of the cell cycle and DNA synthesis commences. As cells complete the S phase they enter G2-phase. The CDK1 (cdc2)/Cyclin B1 complex is activated at the end of the G2 phase and the cells enter mitosis. As schematically presented in Fig. 1 , the inhibitory tyrosine-phosphorylation of cdc2 leads to a G2/M arrest when cells fail to pass the G2/M checkpoint.
The control and regulation of the cell cycle are considered crucial for normal proliferation and development. As previously reported 13) , total-etch bonding agents affect the cell cycle patterns and induce cell cycle arrest by blocking cell cycle progression of L929 and RPC-C2A cells at the G2/M phase. The purpose of the present study was to investigate the cell cycle regulation using human cells.
MATERIALS AND METHODS

Cell lines
The cell line used for the experiments was MRC5 human fibroblasts obtained from the American Type Culture Collection (ATCC). Cells were routinely grown as monolayer cultures in T-75 flasks (Costar/Corning, Cambridge, UK), were subcultured twice per week at 37°C in an atmosphere containing 5% CO 2 in air and 100% relative humidity and maintained at low passage number (P5-P20). The culture medium used was Dulbecco's modified Eagle medium (DMEM; Gibco, Glasgow, UK) supplemented with 10% fetal bovine serum (FBS; Gibco), 100 μg/mL streptomycin and 100 IU/mL penicillin.
Dental adhesives
The dental adhesive tested was XP bond (Dentsply DeTrey, Konstanz, Germany). The composition of XP bond is presented in Table 1 . The adhesive was prepared according to the manufacturer's instructions in a volume of 200 μL in sterile vials, covered with polyester strip (Polydentia SA, Mezzovico, Switzerland) to prevent the oxygen-inhibiting layer, and light-cured for 40 s by an Astralis unit (Vivadent/Ivoclaar, Schaan, Liechtenstein). Thereafter, serum-free DMEM (5 mL per vial) was added and left at 37°C for 24 h. This original extract was sterile filtered through a 0.22 μm syringe filter, and was used as the starting material to prepare the serial dilutions in culture medium.
Cell proliferation and survival testing
The cytotoxic effect was evaluated by the sulphorhodamine B (SRB) assay and a dose-finding experiment was carried out. Cells were plated in 96-well microtiter plates at a cell density of 5,000 cells per well (100 μL per well) and were left to attach and resume exponential growth for 24 h in incubator. Afterwards, an equal volume of serum-free DMEM (served as the negative controls) or a serial dilution of the tested material was applied. Then the cell numbers were estimated 48 h later by means of the SRB assay 14) . The dilution that resulted in 50% reduction in cell numbers (IC 50) after 48 h of exposure was calculated from the plot of dose-effect curves derived from regression analyses.
DNA synthesis testing DNA synthesis was estimated by the bromodeoxyuridine (BrdU) assay 15) using a standard colorimetric ELISA (Boehringer Mannheim, Germany). In brief, 20 μL of 100 μM BrdU was added into each well for the last 2 h of the 48-h experiment. Subsequently, culture medium was removed, cells were fixed with an ethanolcontaining fixative, an anti-BrdU mouse monoclonal antibody conjugated with peroxidase (1:100 in PBS) was added, and plates were incubated at 37°C for 60 min. After washing, peroxidase substrate (tetramethylbenzidine) was added, the reaction was stopped 10 min later by 1 M H 2SO4, and absorbance was read at 450 nm subtracting the background measurement at 620 nm. To estimate DNA-synthesis per cell number fraction, the DNA-synthesis inhibition fraction was divided by the cell number fraction (determined by parallel SRB-assay).
Cell cycle analysis by flow cytometry For cell cycle experiments, 5×10
5 cells were seeded in 25 cm 2 flasks and left for 24 h in the incubator to resume exponential growth. Cells were exposed to test substances, and 24 h later they were harvested (using trypsin/EDTA), washed in PBS and counted in a hemocytometer chamber. For cell cycle analysis, a 10% of standard chicken erythrocyte nuclei were added as a control. The samples were processed in a DNA-preparation Epics Workstation (Beckman Coulter, Fullerton, CA). In this method, the content of cellular DNA is assessed using propidium iodide 16) . To avoid an increased signal due to a staining artifact on double stranded RNA, cells were digested with DNase-free RNaseA. Cellular DNA content was measured using an Epics II flow cytometer (Beckman Coulter). The fluorescent signals from 10,000-20,000 cells were collected, and the result is displayed as a frequency-distribution histogram (DNA histogram). The mean channel, cell count, standard deviation (SD), coefficient of variation (CV), DNA index (DI) and cell cycle distribution were calculated for each sample using the Multicycle Cell Cycle Analysis Software (Phoenix Flow Systems, Inc., San Diego, CA). Care was taken to exclude any doublets or cell debris noise from the assessment.
Cells were exposed to the test materials for a period of 24 h before collection for cell cycle analysis. We used the dilution that had produced a 50% reduction in cell numbers after 48 h of exposure (IC 50) as estimated by regression analysis in the SRB experiments; i.e. 2.5% of original XP Bond extract.
Western Blot MRC5 cells were exposed to a 2.5% concentration of XP bond for 30 min, 2, 4 and 6 h. At the end of the exposure time, cells were harvested with a cell scraper, washed and lysed on ice for 30 min in RIPA lysis buffer containing one tablet of complete MIM protease inhibitor (Roche, Mannheim, Germany) and 100 mM sodium orthovanadate. Protein samples were heated for 10 min at 70°C in Nupage LDS loading buffer with 6.5% mercaptoethanol (Invitrogen, Paisley, UK) and 20 μg protein was separated on a 4-12% Nupage BisTris gradient gel (Invitrogen) at 200 V for 45 min at 4°C. The protein was transferred in Nupage transfer buffer using a PVDF membrane (Amersham, Little Chaltford, UK). The membrane was blocked with PBS containing 0.1% Tween 20 (Sigma-Aldrich) and 5% non-fat milk powder for 1 h. Membranes were incubated overnight at 4°C with rabbit phospho-cdc2 mAb (1:1000, Cell Signalling), phospho-Rb antibody (1:1000, Cell Signalling) or mouse HSC70 (1:1000, Santa Cruz, housekeeping reference gene). After thorough washing, blots were probed with goat anti-rabbit-HRP (1:2000, Cell Signalling) or anti-mouse secondary antibody conjugated to HRP (1:2000, DAKO, Cambridge, UK) for 1 h and washed three times. The protein was detected using the Super Signal kit (Pierce, Perbio Science, Tattenhill, UK) for 1 min in the dark at room temperature and exposed to x-ray film.
Statistical analysis
The statistical analysis of the results from the SRB and BrdU assays was performed using the KruskallWallis non-parametric test and the Mann-Whitney U test. The level of significance was set at p<0.05. The experiments were repeated at least three times.
RESULTS
Fractional cell survival was estimated after 48 h cells exposure to increasing XP bond concentrations and a 2.5% dilution of the initial concentration resulted in a 50% inhibition of cellular survival (IC 50 concentration). Higher doses and longer exposure times further reduced cell survival, as was shown by the SRB method (Fig. 2) . Exposure to XP bond elutes resulted as well in a strong inhibition of DNA synthesis in MRC5 cells (p<0.05).
Cell cycle distribution of cells was detected by flow cytometry before and after exposure to XP bond. After 48 h, a substantial accumulation of cells in G2/M phase (24.40%) was observed indicating an activation of the G2/M checkpoint. No inhibition of G1 to S phase transition was detected compared to control cells (Table  2) . Representative cell cycle histograms are presented in Fig. 3 .
When assayed with Western Blot, in MRC5 cells that were exposed to a 2.5% concentration of XP bond, cdc2 kinase (cyclin-dependent kinase-1, CDK-1) was tyrosine-phosphorylated (Fig. 4) indicating an activation of the G2 checkpoint control and cell cycle arrest or delay in the G2/M transition. Interestingly there was a similar induction of Rb phosphorylation (Fig. 4) , however S-phase fraction was decreased and DNA synthesis was parallel to cell numbers. We assayed the tyrosine phosphorlylation of cdc2 in a time-sequence experiment and found that cdc2 was phosporlylated as early as 30 min after exposure and remained phosphorylated for a period of 4 h (Fig.  5) . These results could be explained by a possible mitogenic activity of XP bond and an induction of DNA damage during S-phase that results in cell cycle delay and arrest at the G2/M checkpoint control. 
DISCUSSION
In this experimental setting, human MRC5 cells (lung normal fibroblasts) were chosen as an in vitro model of acute lung injury. Previous studies had reported adverse health effects in dentists and patients with increased incidence of respiratory symptoms due to inhalation of inhaled composite materials 17, 18) . The cytotoxicity of dental adhesives and resin monomers was previously linked to cell cycle arrest in specific cell cycle phases 6, 19, 20) . According to our previously published study 13) , the total-etch bonding agent XP bond induced a G2-phase arrest in two cell lines, L929 and RPC-C2A cells, whilst no significant effects on cell cycle distribution were produced by the self-etch adhesives tested (Clearfil Tri-S and AdheSE). Yeh et al. 19) reported that three total-etching dentin bonding agents (Solobond M, Single Bond 2 and Prime and Bond NT) induced G0/G1 cell cycle arrest and apoptosis of Chinese Hamster Ovarian cells (CHO-K1). In the same study, two nano dentin bonding agents (Futurabond NR and Xeno III) induced G2/M arrest at higher concentrations, a finding that was concomitant with an increase in apoptosis. Other dentin bonding agents, such as Excite, Clearfil SE and Adhese SE bond have been found to induce cytotoxicity, genotoxicity and reactive oxygen species (ROS) production in pulp cells and in the V79 cell line 21) . Recent in vitro experiments have suggested that the total-etch adhesive XP bond, exerts strong antiproliferative effect in 3T3 mouse fibroblasts 22) . In the present study, exposure to XP bond elutes had significant effect on proliferation and survival in MRC5 cells and induced a strong G2-phase arrest (p<0.05). This effect was detected shortly after exposure to the bonding agent and maintained for a period of 4 h, while the subsequent cell cycle arrest persisted for a longer time. As XP bond was very cytotoxic the results may be explained by the induction of DNA damage in S-phase which normally results in the activation of the G 2/M checkpoint and G2 phase arrest.
Exposure of MRC5 cells to XP bond elutes resulted also in hyperphosphorylation of the Rb protein, a gatekeeper tumour-suppressor protein. Phosphorylated Rb dissociates from the E2F transcription factor and this results in the transcription of genes that are necessary for the G1 to S phase transition. Interestingly even though XP bond acts as a mitogen, this did not result in an increase of DNA synthesis (DNA synthesis parallels cell numbers in all experiments). The G2/M phase arrest, together with the inhibitory phosphorylation of cdc2 indicate an activation of the G2/M checkpoint control, most likely due to DNA damage during the S-phase; the exact mechanism, however is poorly understood.
Resin monomers have been characterized as ingredients that influence the cellular redox balance by increasing the level of ROS, while at the same time depleting the amount of the cell's major antioxidant, glutathione 6, 8, 23) . They also down-regulate gene expression in pulp cells and inhibit mineralization thus affecting negatively the regenerative potential of dentin/pulp complex 8, 10, 24) . HEMA and TEGDMA are very common monomers in dental adhesives. XP bond contains 25-50% of HEMA and 10-25% of TEGDMA. Genotoxic effects by resin monomers such as TEGDMA and HEMA have been reported, as a result of single or double strand breaks on the DNA after ROS formation. However, DNA damage is not always of oxidative origin; HEMA-induced cell cycle arrest was not counteracted by the antioxidant Trolox 11) . On the contrary, TEGDMA exposure resulted in elevated levels of the common oxidative DNA lesion, 8-oxoguanine 25) . It is interesting to consider that monomers may leach from dental adhesives at high concentrations. For example, HEMA can be released into the oral environment reaching the concentration of 8 mM 26) . Similarly, the detected quantity of TEGDMA reaching the pulp had a concentration of 4 mM 27) . The tubules in dentin's structure allow diffusion of eluates towards pulp tissue.
Resin monomers are considered environmental stressors which can differentially interfere with many signal transduction pathways, including the activation of ATM (ataxia-telangiectasia mutated), Chk2, p53, p21 and H2AX 11) . Spagnuolo et al. 8) and Samuelsen et al. 23) have reported that TEGDMA and HEMA monomers influence mitogen-activated protein (MAP)-kinase pathways. In addition, Samuelsen et al. 23) found increased phosphorylation of both p38 and JNK subsequent to HEMA but not to TEGDMA exposure. In both studies the monomers were tested separately. Ansteinsson et al. 11) reported that HEMA caused inhibition of proliferation of human bronchial epithelial cells BEAS-2B as a result of S-phase accumulation and phosphorylation of histone H2AX, check-point kinase Chk2 and the tumor suppressor protein p53. The phosphorylation of p53 and increased p21 transcription are correlated to cell cycle arrest and transcriptional activation of pro-apoptotic factors. Furthermore, according to Samuelsen et al. 23) exposure to HEMA (600 μM) resulted in reduced cell proliferation after 24 h and increased apoptosis after 60 h. Also, they observed phosphorylation of p53, advocating an initial DNA damage in the HEMA exposed submandibular gland cells.
Cdc2 is required for cells to enter mitosis. Binding of Cdc2 to Cyclin B and phosphorylation at threonine 167 is essential for its activity 28) . When phosphorylated at tyrosine 15, cdc2/Cyclin B complex is inactive, inhibiting cell cycle progression. Since our results indicate a long-term arrest in G2/M transition 29) , p53-dependent mechanisms may cause cdc2 inactivation. However, at protein level, cdc2 tyrosine phosphorylation is attributed to p53-independent pathways. p53 can enforce cell cycle arrest by cyclin B1 repression or, possibly, by transcriptional activation of p21, a CDK inhibitor, which can lead to both G1 and G2 arrest 30, 31) . Meanwhile, p53 can repress the transcription of cdc2 by recruiting the p130/E2F4 repressor to the promoter of cdc2 gene, leading to decreased mRNA levels 32) . Based on these observations, p53-driven inhibition of cdc2/cyclin B activity could serve as an upstream mechanism of stable G2/M arrest. Induction of proliferation and at the same time damage of DNA may indicate a mutagenic affect, and this should be further addressed. A determination of the exact mechanism of these findings is critical. Further experiments are needed to evaluate this hypothesis.
However limited the in vitro studies might be, it is our unequivocal conclusion that total-etch bonding agents are indeed capable of causing cell damage and cell death.
